Lead concentrations in a total of 82 different types of infant formulae (cow's milk and soy based) marked in Spain were analysed by acid-microwave decomposition and anodic stripping voltammetry. Dietary lead intake from infant formula and tap water used for powder formula reconstitution were estimated in comparison with the provisional tolerable weekly intake (PTWI). Additionally, the influence of physical state (powder and ready to use formulae), the type of container used and the impact of industrial process from different manufacturers on lead levels were evaluated. According to our results, lead exposure from drinking water was negligible with respect to formulae investigated; where soya formulae contributed the highest intake (58 -73 % PTWI), non adapted starter and specialised formulae gave an moderate intake (31 -42 and 26 -37 % PTWI, respectively) and, finally, pre-term, adapted starter and follow up formulae provided the lowest lead intake (22)(23)(24)(25)(22)(23)(24)(25)(26) respectively). Based on the current state of knowledge about lead toxicity, manufacturers are called to make an additional effort in order to keep a maximum lead level at 20 g l -1 for all infant formulae, although it is recommendable that these formulations supply the upper limit (5 g l -1 ) of "normal" human milk.
Introduction
When breast-feeding is discontinued, infant formula constitutes the main source of food for infants during the first months of life. Thus, these formulae have a special role in the diet of neonates because they should serve as substitutes for human milk. The need for essential micronutrients for adequate growth must be met by these formulae.
Over recent decades, different ingredients have been added to infant formulae, not only to better simulate the composition of breast milk, but also to impart health benefits. Raw material (cow's milk or isolated soy protein), processing methods, additives or mineral supplements and storage will in part determine the levels of minor and trace constituents present in the final product. Moreover, relatively low levels of toxic trace elements can only be expected to make an insignificant contribution to neonate dietary intake. The introduction of new formulations must pose no risk, or only minimal one.
Therefore, given the evident toxicological impact of lead on lactants, and considering that the absorption of this heavy element is significantly higher in infants than in adults (3-5 times greater), manufacturers have been acutely aware of the need to prevent any potential lead contamination (Patriarca et al. 2000) . Consequently, it is desirable that infant formulae should be proportionally similar or inferior in lead levels to those found by human milk. In general, lead concentration in breast milk shows a marked variability depending on mothers' life style and dietary habits. Concentration levels found in literature from a pre-selected and well-identified population, suggest values of 2-5 g l -1 as the range of lead concentration to be expected in human milk and accepted as "normal" reference (WHO/IAEA 1989) . However, it is more useful to consider a reference lead range of 3-26 g l -1 based on available literature data (Yang et al. 2003 , Patriarca et al. 2000 , Tripathi et al. 1999 , Rodríguez et al. 1999 , Ursinyova and Hladikova 1997 , Coni et al. 1990 , Dabeka et al. 1986 ).
The purpose of this survey was to determine the lead levels in a wide range of infant formulae from Spain and tap water from rural and urban areas in Navarra (Spain), to estimate the theoretical toxic intake from infant formula consumption as compared to the lower Provisional Tolerable Weekly Intake (PTWI), because of increased sensitivity of infants, expressed by the joint FAO/WHO Expert Committee on Food Additives (JECFA) and finally, to compare the metal content during processing and packaging among the different infant formula manufacturers (WHO 2000) .
Material and Methods
used for mineralisations of infant formula samples. Aliquots of infant formula (approximately, 0.3000 g powder, 1.500 ml liquid) were weighed and mixed with 4 ml of sub-boiling nitric acid. The microwave digestion program applied included several stages (250 W, 1 min.; 0 W, 1 min.; 250 W, 2 min; 400 W 2 min ; and finally, 600 W, 1 min.), followed immediately by ventilation (1 min.). Samples were digested in triplicate under the conditions optimised. Subsequently, an attack near dryness in hot plate with 1 mL suprapure 70% percloric acid (Merck, Darmstadt, Germany) was performed in order to reach a complete ashing of the organic material. The residue was dissolved in ultrapure deionised water and then diluted up to 10 mL. Solutions were kept stored frozen in precleaned polypropylene tubes at -20 ºC until analysis. Further details of sampling and treatment operations are described elsewhere (Navarro and Alvarez 2004) .
With respect to drinking water treatment, measurement of pH was performed immediately upon receipt the water samples. Then, to avoid flocculation or losses by adsorption to the plastic walls, the samples were acidified with sub-boiling nitric acid (1 mL per litre) until approximately pH = 2. Aliquots of these solutions were stored refrigerated at 4 ºC until analysis. The values reported are the means of triplicate assays.
Instrumental determination of trace elements

Quality Control
With the goal of establishing analytical method reliability; blank reagents, aqueous internal standard and reference material were used to evaluate the quality assurance program.
Sample blanks for infant formula lead quantification, containing all reagents were carried through the entire analytical procedure. Detection limit (LOD) was calculated according to the definition and criteria established by IUPAC (X b + 3  b ), as the average of three times the standard deviation of the reagent blank. Hence, when expressed in terms of infant formula, the LOD corresponds to 0.6 g l -1 (wet weight, n = 6). Blank reagents in tap water analysis, consisting of ultrapure deionised water and reagents, were subjected to a similar sample preparation, storage and mixing with buffer solution, setting the LOD at 0.1 g l -1 .
An aqueous internal standard quality control containing 2.5 g l -1 of lead was previously measured to each batch of samples. Our findings (2.40 ± 0.2 g l -1 , range = 2.2 -2.6, n = 34) showed good agreement, satisfying the criteria established in the quality program (2.2 -2.8 g l -1 ).
In order to test the accuracy of the analytical lead method, the IAEA-A11 milk powder (International Atomic Energy Agency) certified reference material was analysed. The obtained result (52.5 ± 6.2 ng g -1 , n = 12) was in agreement with IAEA lead certified value (54 ng g -1 , confidence interval 29 -79 ng g -1 ).
Statistical Analysis
Statistical analysis was performed using SPSS v.9.0 for Windows program.
Results and Discussion
Lead levels in infant formula Table 1 summarises the lead concentrations for each of the different types of infant formulae investigated. Usually, levels of lead in formula are expressed in the literature in microgram per liter or kilogram on a ready to use basis. Because of the density of reconstituted infant formula is between 1.03 -1.06 g ml -1 , concentrations reported in volume differ from weight given at most by 6 % (Krachler et al. 1998 ).
[Insert Wide variability in lead content observed by other authors is of special relevance.
Consequently, median value is the most representative parameter to be used. The range of lead determined agrees reasonably well with most literature values (Ikem et al. 2002 , Moreno-Rojas 2002 , Tripathi et al. 1999 , Rodríguez et al. 1999 , Biego et al. 1998 , Krachler et al. 1998 , Ursinyova and Hladikova 1997 , Esteve et al. 1994 , Dabeka 1989 , Dabeka and Mckenzie 1987 ,1988 .
Non parametric Statistical Analyses (Kruskal-Wallis test) were performed with lead content for comparison of the different types of formulae, not establishing significant differences (p > 0.05). Therefore, it was not possible to pretend to classify in accordance with standard types, based on lead content.
However, lowest and highest lead values provided by premature and soya formulae respectively, stand out under halfway levels found in standard (starter and follow-up formulae) and special formulae analysed. In this sense, it is notorious the higher number of standard and premature formulae (9 from a total of 15) in which lead content are not detected; meaning that special care should be taken when cow's milk-based formulae are being produced, to avoid adventitious lead contamination from the manufacturing process.
Higher levels found in bulk cow's and isolate soy protein with similar variability than formula in lead content (McLaughlin et al. 1999) could point out the raw material as indicative of the potential contamination in milk-based and soya formulae, respectively.
Infant formulae analysed are likely to be exposed to heavy metal contamination from raw material and added ingredients (calcium and phosphate salts, vitamins, other minerals and trace elements) rather than the contamination during processing or migration from container in which it is stored.
Moreover, taking into account that in previous works it was established that most of the intrinsic lead in bovine milk is associated mainly to casein (Mata et al. 1995) , it seems appropriate to carry out the survey of lead levels in investigated formulae according to the main protein source contained (Table 2) .
[Insert table 2 about here]
In spite of marked variability, there is evidence of lead increment normally associated with the milk fraction or protein type used in manufacturing. In standard cow's milk based formulas, the highest lead content is provided by those formulae based on whole milk (6.21 ± 11.28 g l -1 ), followed by skim-milk-based formulae (4.36 ± 8.36 g l -1 ) and lastly formulae that include whey proteins (3.42 ± 6.91 g l -1 ) or casein-based (3.26 ± 7.32 g l -1 ), as is expected owing to the higher degree of lead enrichment present in cow's milk.
Current manufacturing policy is to reduce and replace the protein profile to be similar, as far as possible, to the pattern found in human milk. This fact could be of benefit to newer formulations richest in whey protein.
The high levels of lead in whey (6.77 ± 7.02 g l -1 ) and casein (4.78 ± 18.47 g l -1 )
hydrolysed formulae are a direct result of aggressive protein hydrolysis treatment, which provides lead enrichment in these formulations owing to chemicals and additives used.
The same consideration could be applied to the highest lead levels found in soya formulae (9.59 ± 19.58 g l -1 ) as a result of the o lead naturally present in soybeans and the complex isolation process (Dabeka and Mckenzie 1988 ).
In conclusion, apart from five formulae (hydrolised: 58.50 ; whole-milk-based: 37.10; skim-milk-based: 37.31 and soy-based: 55.24 and 28.90 g l -1 ), most of the investigated formulae included in this survey, provide a lead concentration close to that expected to be found in the reference range of human milk reported in the literature (3-26 g l -1 ).
Influence of physic state and container type
Several surveys carried out with powder formulae collected between 1980 -1985 (Dabeka 1989 , Dabeka and Mckenzie 1987 ,1988 have shown significantly lower lead levels in glass-bottled formulas than in formulae sold in cans. In particular, initial results indicate that the major contributing factor to the presence of lead in the powder formulas was the container itself and not the formulae ingredients. Really, it seems that contamination caused by this potentially toxic element from the lead-soldered cans is gradually decreasing with the wider introduction of lacquered cans, lead-free solders or other kinds of recipients (aluminium bags).
In order to better understand the influence of the aggregation state on final lead level in formulae studied, we statistically evaluated the lead content in both powder and ready-to- 
Impact on lead levels from different manufacturers
Nine different manufacturers provide the most infant formulae sold in Spain. Box diagrams of lead concentration distribution for all formulae commercialised by each manufacturer are shown in figure 1.
[Insert figure 1 about here]
A comparison of statistically significant differences (one factor Anova, p = 0.012) between the commercial brands was performed. Globally, lead level provide by the manufacturer 7
(n = 5, 18.12 ± 18.76 g l -1 ) was significantly higher (Mann Whitney U-test, p < 0.034) than those from most of the other brands. Manufactures 2, 4 and 8 were classified at an intermediate level with 7.32 ± 6.69 (n = 14), 7.99 ± 8.71 (n = 3) and 7.10 ± 14.96 (n = 16) g l -1 , respectively. Manufacturers 5 (1.77 ± 1.92 g l -1 ; n = 11) and 1 (3.38 ± 3.14 g l -1 ; n = 16) were discovered had the lowest lead concentration.
Most manufacturers observed an adequate and relatively narrow range of lead concentration, highlighting the meticulous care taken in their industrial handling process of infant formulae, with the exception of two commercial brands (manufacturers 3 and 6).
In view of these results and taking into account the lead range assumed as reference where low and high quartile reported from available literature data have been selected, it seems reasonable to set the same limits for infant formula. Thus, the lead value of 26 g l -1 for infant formulas in a unique distribution corresponds to percentile 93; that is, only 5 infant formula of a total of 82, exceed this upper limit. Therefore, manufactures should strive to improve and control until at least the upper value is set. Next step would be ensure in infant formulae, the concentration level expected for lead in human milk under "usual" conditions, after exclusion of extreme data (2 -5 g l -1 ), just as any manufacturers are already doing.
Estimated dietary lead intake
Lead concentration determined in the different types of formulae were used to calculate daily and weekly dietary lead intake by infants on the basis of feeding tables provided by manufacturers, under the assumption that they receive only formulae.
The estimated daily intake amount of lead supplied by the infant formulae analysed are shown in Thus, excluding special or soya formulae, in general even though standard infant formulae provide a low lead intake, it still remain a somewhat higher than the intake of human milk.
Moreover, lead intake depends on both recommended doses and the feeding tables, and generally increases with the age of the infant. Figure 2 shows the weekly lead intake (percentage of PTWI) estimated for each type of infant formulae studied according to lactation stage.
[Insert figure 2 about here]
Undoubtedly, soya formulae contributed the highest intake (58 -73 %), nearly twice as much as other formula; non adapted starter and specialised formula gave an intermediate intake (31 -42 and 26 -37 %, respectively) and, finally, adapted starter and follow up formulae provided the lowest lead intake (22 -26 and 16 -22 %, respectively).
Given the evident impact of lead on premature infants, considering that the absorption and retention of lead by immature infants is significantly higher than adults, lower standard for permissible lead exposure should be adopted. Figure 3 compares the weekly lead intake of infants fed on premature formulae and breast milk with the value of PTWI calculated according to body weight.
[Insert figure 3 about here]
These formulae provide a lead intake (22 -25 %) similar to standard formulas. Besides, it is relatively lower than that supplied by Spanish human milk (Rodríguez et al. 1999 ) and fortunately, closer and far greater than that provided by the lower and upper limit of human milk levels, respectively. As mentioned above, and as seen in figure 3 , extreme lead values available in literature could represent a significant source of lead exposure for breast-fed infants.
Finally, to obtain a global perspective, it is possible to evaluate the hypothetical lead concentration which a formula may contain to provide a potential risk intake which exceeds lead ISTP value. This limit value range from 20.2 to 25.8 g l -1 , assuming an ordinary feeding regimen and using the doses recommended by manufacturers. This fact increases the suspicious group in three more, so lead content in eight specific formulae is called into question where intake supplies may reach up to at least 90.8 -249.9 % PTWI (evaluated from lower and higher lead content in this controversial group of infant formulae, respectively).
Drinking water lead levels and its contribution to dietary intake
Tap water is a recognised but often overlooked as a significant potential source of lead.
This heavy element is present in drinking water to a certain extent as a result of its dissolution from natural sources but primarily from house plumbing systems (WHO 1996) .
Both WHO guidelines (WHO 1996) and European Community legislation (Commission of the European Communities 1998) have established the specifications for drinking water quality intended for human consumption, setting out the lead concentration of 10 g l -1 . In part, this level was established as a result of studies of lead accumulation and balance in infants (WHO 2000) .
The level of lead in drinking water samples collected in this survey was 0.4 ± 1.1 g l -1 , with a pH range of 7.4 -8.3, those alkaline values reduce the corrosion of plumbing systems and hence, avoid the infant's lead intoxication occurring when formulae is reconstituted in contaminated water (Baum and Shannon 1997) .
The lead content found in rural areas (0.2 ± 0.5 g l -1 , range < 0.10 -9.0 g l -1 ) is a little lower than in the urban area of Pamplona (0.7 ± 1.9 g l -1 , range < 0.10 -38.3 g l -1 ).
However, lead levels above guideline value were detected in three sampling points at concentrations of 10.9, 14.4 and 38.3 g l -1 .
The prevention of lead poisoning by bottle-fed infants requires the establishment, in numerical terms, of the real values of potential impact (Gulson et al. 1997) . Ziegler et al. (1978) described that positive lead balance appear when daily lead intake reaches 5 g kg -1 of body weight and greater intakes will develop a lead burden. On the basis of feeding tables for infant formula reconstitution, a lead level in tap water between 28.3 -41.7 g l -1 , depends on sex and lactation period, may contribute by itself to an infant's lead burden.
One tap water sample revealed lead contamination, probably caused by antiquated plumbing system of this sampling point.
Assuming the median value found in this study, the influence of lead content in tap water by itself, is negligible with respect to the total lead concentration supplies by formulae investigated (table 4) , approximately 1.8 -2.2 % of the PTWI. Nevertheless, this assertion must be interpreted carefully, since lead level in drinking water is highly variable and depends on several factors, which could be minimised taking measures such as the removal of lead pipes and the adjustment of the pH in the distribution system to increase alkalinity; and failing that, to avoid the first-draw morning water.
Conclusions
International organisms and nutritional committees assess infant formula, drinking water and dust or soil as the main potential sources of infant lead exposure (WHO 2000) . Infants are more susceptible to the toxic action of lead where the impact on health might be anticipated from reducing dietary exposure.
Our findings suggest that lead levels found in this work are similar or lower to data reported from actual or older surveys. This fact indicates that infant formula manufacturers have achieved substantial reductions of lead levels, presumably through more careful selection of raw material and/or avoidance of contamination during industrial processing.
However, based on the current state of knowledge on lead infant toxicity, considering infants as the most sensitive group of population, manufacturers should take steps to keep a maximum lead value at 20 g l -1 for all infant formulae, although it is desirable that these formulations supply the upper limit (5 g l -1 ) of "normal" human milk.
Finally, from a research standpoint, the experimental results have shown that there are significant variations of lead levels across the infant formula brands. This could be attributed to different manufacturing practices, variation in quality of raw material, finished product and packaging container used by infant formula manufacturer. Thus, speciation studies are required in the future to characterise lead chemical forms present in infant formula (Brätter et al. 1998) , with the aim of evaluating the safety of adding any new ingredient or change in the handling of infant formulae. Formula 13 5 .33 ± 9.60 < LOD -33.31 6 5.20 ± 7.00 1.02 -19.68 Specialised Formula Hypoallergenic 10 5.43 ± 6.54 < LOD -22.32 2 3.87 ± 5.00 < LOD -7.41
Total 68 5.07 ± 11.25 < LOD -58.50 14 7.70 ± 9.62 < LOD -37.10 LOD: Detection limit 
